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In Brief Ctenophores have historically been described as having a blind, sac-like gut. Using live imaging of ctenophore digestion in their report, Presnell et al. demonstrate that ctenophores possess a functionally tripartite through-gut, challenging the current paradigm that assumes that the through-gut originated within Bilateria.
The current paradigm of gut evolution assumes that non-bilaterian metazoan lineages either lack a gut (Porifera and Placozoa) or have a sac-like gut (Ctenophora and Cnidaria) and that a through-gut originated within Bilateria [1] [2] [3] [4] [5] [6] [7] [8] . An important group for understanding early metazoan evolution is Ctenophora (comb jellies), which diverged very early from the animal stem lineage [9] [10] [11] [12] [13] . The perception that ctenophores possess a sac-like blind gut with only one major opening remains a commonly held misconception [4, 5, 7, 14, 15] . Despite descriptions of the ctenophore digestive system dating to Agassiz [16] that identify two openings of the digestive system opposite of the mouth-called ''excretory pores'' by Chun [17] , referred to as an ''anus'' by Main [18] , and coined ''anal pores'' by Hyman [19] -contradictory reports, particularly prominent in recent literature, posit that waste products are primarily expelled via the mouth [4, 5, 7, 14, [19] [20] [21] [22] [23] ]. Here we demonstrate that ctenophores possess a unidirectional, functionally tripartite through-gut and provide an updated interpretation for the evolution of the metazoan through-gut. Our results resolve lingering questions regarding the functional anatomy of the ctenophore gut and long-standing misconceptions about waste removal in ctenophores. Moreover, our results present an intriguing evolutionary quandary that stands in stark contrast to the current paradigm of gut evolution: either (1) the through-gut has its origins very early in the metazoan stem lineage or (2) the ctenophore lineage has converged on an arrangement of organs functionally similar to the bilaterian through-gut.
RESULTS AND DISCUSSION
The evolutionary origins of the animal through-gut are crucial for understanding the coordinated patterning of organ systems. The prevailing paradigm of gut evolution asserts that the metazoan through-gut (alimentary canal) and anus originated within Bilateria [2-5, 7, 24, 25] . The implication of this view of gut evolution, that non-bilaterians either lack a gut altogether or possess a blind, sac-like gut characterized by a single functional opening at the oral pole, the stomodeum, is misinformed. The idea that ctenophores possess a blind gut [4, 5, 7, 14, [21] [22] [23] appears to stem from the historical misconception that ctenophores and other non-bilaterians are simple animals lacking complex traits [26] . Though recent evidence supports Ctenophora as the earliest-branching extant metazoan phylum [9] [10] [11] [12] [13] 27] , ctenophores possess many ''complex'' traits found in other animals, such as definitive muscles and a nervous system [11, 12, 28, 29] . Thus, the revised phylogenetic position of Ctenophora has also lead to novel hypotheses reconsidering the origin of both muscles and nerves [11, 12, 30] . Here we provide new data for and discuss previous evidence of the presence of a through-gut in ctenophores and the broader implications for evolution of the metazoan through-gut and anus.
As early as the work of Louis Agassiz [16] , it was known that ctenophores possess digestive system openings opposite of the mouth. Despite this, contradictory reports suggest that the mouth alone is used to eliminate food waste, whereas other studies have proposed that the pores are used only occasionally to expel small waste products such as nitrogenous or intracellularly digested wastes [5, 19, 20, [22] [23] [24] . Collectively, these reports have misconstrued the function of the ctenophore anal pores, resulting in support for the misconception that ctenophores have a simple, blind gut [4, 7, 19, 20, 23, 24] .
The incongruence among these previous observations motivated our experiments, which were explicitly designed to explore ctenophore gut functional anatomy. Here we provide an update to previous literature on the ctenophore digestive system using high-resolution in vivo time-lapse videography combined with fluorescent labeling techniques and primary cell culture. The main longitudinal body axis in ctenophores is the oral-aboral axis, with the mouth at the oral pole and two anal pores at the aboral pole [26] (Figure 1 ). The unidirectional ctenophore gut is highly differentiated and organized into three functional domains ( Figure 1A ). Our results resolve conflicting reports on the function of the ctenophore anal pores, confirming their role in relation to the overall digestive system as secondary gut openings functionally equivalent to an anus. We unequivocally show that ctenophores possess a functional through-gut from which digestion waste products and material distributed via the endodermal canals are expelled to the exterior environment through terminal anal pores that are anatomically and physiologically specialized to control outflow from the branched endodermal canal system (Figure 2 ; Movies S1, S2, and S3).
Ctenophores are highly transparent, allowing for easy in vivo observation of internal processes [16-18, 20, 31] (Movie S1). To visualize food passage through the ctenophore gut, we monitored the digestion of zebrafish expressing fluorescent proteins and Artemia soaked in fluorescein (Figure 2 ; Movies S1, S2, S3, and S5). Digestion is spatially and temporally regulated by coordinated activities throughout the ctenophore gut that include characteristic cells functioning in nutrient uptake and cells with functionally specialized cilia that control particulate and fluid movement, as well as access to the mesoglea (Figure S1 , Movies S4 and S5) [32, 33] . Food entering the stomodeum is transported aborally in the pharynx by combined ciliary beating and muscular contractions toward the pharyngeal folds in the aboral medial third of the pharynx ( Figure 1A ). Within the pharynx, combined mechanical and enzymatic action results in the pre-digestion of food into large particles [20, 33] that then enter the morphologically distinct ciliary mill ( Figure 1A ; Movie S5B). The ciliary mill is uniquely characterized by dense arrays of stiffened cilia [31] that act as a physical sieve and disrupt large particles, allowing only small particles to pass through into the infundibulum (transverse canal), the first chamber of the endodermal canal system (Movies S5A and S5B). The filtrated material is then supplied to four radial canals, one for each radially symmetric quadrant of the ctenophore body plan ( Figure 1 ). Each radial canal bifurcates into paired adradial canals that closely associate with several prominent organ systems, including ctene rows, photocytes, and gonads. In the tentacular plane, two paragastric canals extend orally and medially on either side of the pharynx, and two tentacular canals extend laterally through the mesoglea supplying the tentacle apparatus. Cilia lining the endodermal canal lumen sweep food particles through the branched canal system toward the periphery during nutrient distribution [31] . Collectively, the endodermal canals function in both nutrient absorption and distribution ( Figure S1 ) [17, 18, 20, 32, 33] .
Both nutrient distribution and waste elimination are aided by peristaltic activity within the pharynx and the endodermal canals that direct flow of material (Movie S5A). During waste removal, is to the left, and the tentacular axis (TA) is to the right. Food enters the stomodeum and moves aborally through the pharynx (light gray), where digestive enzymes are secreted by the pharyngeal folds (purple). Large particles are then mechanically processed by a region of stiffened cilia, the ciliary mill (dark gray). Small food particles then transit into the central chamber, the infundibulum (1), of the endodermal canal system (blue), where isodynamic ciliary beating distributes particles for absorption in the radial canals (2), the paired adradial canals (3), and the paragastric canals and tentacular canals. Both solid and fluid wastes are eliminated from the branched endodermal canal system by transport through the aboral canal and anal canals (green) and evacuation through the anal pores. (B) Aboral schematic highlighting the major endodermal canal system branches. The infundibulum, or transverse canal (1), serves as the central hub from which two tentacular canals (tc) and four radial canals (2) ciliary beating reverses direction, collecting waste material at the centrally located infundibulum, prior to moving into the aboral canals. The function of the aboral canals contrasts with the remainder of the endodermal canal system during both nutrient distribution and waste collection due to differentially regulated muscle and ciliary activity. The isodynamic ciliary beat cycle associated with nutrient distribution and waste elimination is a regulated process that occurs with a temporally cyclic regularity of approximately 2-2.5 hr under our continuous feeding regime. During nutrient distribution, ciliary beating within the aboral canal actively excludes particle entry. Additionally, muscles surrounding the aboral canal are relaxed, reducing the canal diameter and further limiting particle ingress. During waste elimination, these muscles contract, pulling on the canal walls and significantly enlarging canal diameter (Movie S1). The muscles controlling the relative diameter of the aboral and anal canals are stereotypically localized ( Figure 3A ; Movie S5C). In Mnemiopsis, muscle bundles extend in the pharyngeal plane along the oral-aboral axis on both sides of the pharynx. At the aboral end, they anastomose with aboral and anal canals; toward the oral end, muscle fibers separate from the bundle and anchor along the feeding grooves. As these muscles contract, the aboral and anal canal diameters widen, and the cilia lining the aboral canal simultaneously reverse beat direction, transporting material collected in the infundibulum into the lumen of the aboral canal immediately preceding defecation. These activities were most likely not detected in previous studies because the transparent muscles are difficult to visualize, their anastomosing ends are often lost during fixation, and the cyclical biphasic changes associated with nutrient distribution and waste elimination make detection difficult without high resolution time-lapse video.
Our results reveal that each anal canal culminates with a sphincter, consistent with a highly regulated system. The anal pores are composed of actin-rich cells in a ring configuration, consistent with a role in contraction (Figure 3 ). This actin distribution, coupled with the previous report of myosin heavy chain expression in Pleurobrachia pilius anal pores [28] , provides molecular evidence that the anal pores function as contractile, ring-like sphincters. During defecation, the sphincter of a single anal canal opens and waste is forcefully expelled (Figure 2 ; Movies S1, S2, and S3). After defecation, the anal pore closes and the anal and aboral canals constrict (Movies S1 and S2). This temporally regulated process results in the expulsion of the entirety of material circulating in the endodermal canals (Figure 2 ; Movies S1 and S2). Therefore, in ctenophores, the anal pores function as the main excretory organs for defecation and serve as the terminal end of a functional through-gut.
Our functional anatomy study of the path of digestion in ctenophores confirms some of the historical observations made over the past 150 years that the anal pores open to the external environment [16] [17] [18] [19] [20] . However, many previous works have differed significantly in their interpretations of ctenophore digestive system function broadly, and of the role of the anal pores in particular. While some early work referred to the anal pores as an anus that allowed for ''defecation of fecal material'' [16, 18] , more recently the ctenophore digestive tract has been interpreted as a flow-through system, with the majority of excretion occurring through the mouth and the minor passage of intracellular waste products occurring through the anal pores [20] . The results presented here contradict the two prevailing ideas about waste removal in ctenophores: (1) the relatively more recent dogma stating that ctenophores have only one functional opening to the gut [2, 4, 5, 7, 24] and (2) the historical perspective that both the mouth and anal pores are used to remove digested food waste [19, 20, 31] . Notably, authors have also disagreed as to whether the aboral pores constitute an anus (e.g., [19] ).
In contrast to prior studies, we did not observe food waste expulsion or regurgitation through the mouth during our feeding experiments with either Mnemiopsis or Pleurobrachia. Ctenophore regurgitation is associated with three events: (1) overfeeding [20, 34, 35] , (2) ingestion of material that cannot be predigested and/or preprocessed in the pharynx for distribution through the endodermal canals [34, 35] , and (3) ingestion of unpalatable material [34] . Unsurprisingly, most metazoans will regurgitate material through the mouth under these conditions. When captive ctenophores are over-handled or fed excessively, they will regurgitate material from the pharynx. The ctenophore pharynx can also reach a maximum concentration threshold, after which material contained within the pharynx is regurgitated [35] . In their natural environment, the likelihood of reaching critical prey threshold within the pharynx is low. We argue that in previous studies supporting the mouth as a major site of waste removal, feeding regimes surpassed this threshold and the resulting regurgitation behavior was thus interpreted as a normal mode of waste removal. In addition, it is clear that prey with significant cuticle and/or chitinous exoskeletons can reside in the pharynx for as long as 7 hr during digestion [36] . In our longterm lab-cultured animals, we observe extended residence time in the pharynx for rotifer and crustacean exoskeletons during digestion. As long as the pharynx is not overwhelmed, exoskeletons are typically broken down, passed into the endodermal canals, and expelled from the anal pores (Movie S3A).
Our long-term, multigenerational ctenophore cultures coupled with our functional anatomical results and previous descriptions of ctenophore digestion clearly demonstrate that ctenophores possess a functionally tripartite through-gut. This directly refutes the historical characterization of ctenophores as possessing a sac-like gut with a single opening. The results presented here show that ingested food processed by the pharynx and distributed through the endodermal canal system is subsequently expelled en masse at regular intervals through the anal pores (Movies S1 and S2).
Comparatively, the functional anatomy of the Mnemiopsis and Pleurobrachia digestive systems is typical of Ctenophora, though some ctenophore body plans have modifications to endodermal canal peripheral branching patterns. We have observed the same digestive system function across a range of ctenophore body plans, including representatives from the genera Beroe, Bolinopsis, Ocyropsis, Cestum, Coeloplana, and Vallicula. Among other non-bilaterians, pores connecting the gastric cavity to the external environment have been reported in Cnidaria, including both hydrozoan medusa and some sessile corals exhibiting true fluid flow-through systems [21, 37, 38] . However, cnidarians are still considered to possess a blind gut [2, 4, 19, 20, 22, 39, 40] . Thus, our results represent an additional significant morphological challenge to the historical grouping of ctenophores with cnidarians as the Coelenterata [7, 41, 42] .
The recognition of a through-gut in ctenophores has broad implications for our understanding of the evolution of the metazoan anus and the unidirectional alimentary canal (Figures 4 and S2) . One scenario for the evolution of the extant ctenophore throughgut is that an anus formed independently in the ctenophore stem lineage ( Figure 4A ). This scenario does not explicitly reject current hypotheses regarding bilaterian through-gut evolution [3] [4] [5] . A second scenario is that the sophisticated morphological and cellular organization of the through-gut has very early origins in the metazoan stem lineage, suggesting the loss of a functional through-gut in several non-bilaterian lineages ( Figure 4B ). Secondary loss of organ systems is not atypical. Loss of the through-gut and anus has occurred multiple times within Bilateria, for example within the deuterostomes among the echinoderms and among members of the Platyzoa [4] . The latter scenario would reject current hypotheses that posit that the anus first evolved after the divergence of the Acoelomorpha [3] [4] [5] . Though functionally analogous, the homology of the ctenophore anal pore to the bilaterian anus remains unclear. For the two evolutionary scenarios to be resolved, further research will be needed to distinguish between the functional and structural similarities of the ctenophore and bilaterian anus [43] .
Our findings draw attention to the evolutionary importance of the anus. The mouth is currently considered to be homologous across most of Metazoa [5, 44] . In ctenophores, as well as many protostomes, the position of the mouth corresponds with the blastopore [45] . Moreover, the ctenophore blastopore exhibits the same conserved gene expression patterns seen in bilaterians and cnidarians [44, 46, 47] . However, the anal opening among bilaterians has a varied phylogenetic distribution, suggesting independent evolution of the through-gut and anus in many lineages [3, 4] . Genes with clear orthology to those expressed in the bilaterian hindgut and anus (e.g., NK2.1, fox genes, and FGF8/17/18) [4] are not present in either the Mnemiopsis or Pleurobrachia genomes [11, 12] , whereas a number of genes expressed in the bilaterian gut have clear orthologs that are expressed in ctenophores ( Figure S3 ). Additional investigation of gene expression in ctenophore anal pores and more detailed functional and structural morphology analyses in these and other non-bilaterian animals will certainly provide more insight into the evolution of the anus and the metazoan alimentary canal [4, 43] . An improved understanding of the throughgut organ system is crucial for improving our understanding of body plan evolution and diversification in the metazoans.
EXPERIMENTAL PROCEDURES
For additional details, see the Supplemental Experimental Procedures.
Feeding Experiments
Lab-reared Mnemiopsis leidyi were kept at room temperature and starved for 24 hr prior to feeding experiments. Time-lapse video was captured with a RED EPIC (RED). For aboral views, at 4 days post-hatching, juveniles were fed Brainbow fluorescent zebrafish larvae [48] and filmed on a Zeiss SteREO Discovery.V8 with Zeiss AxioCam MRm rev3.
Wild-caught Pleurobrachia bachei adults were kept at 11 C and starved for 24 hr prior to feeding experiments. Marine rotifers and Artemia were added to sterile sea water with 0.1 mg/mL fluorescein (Sigma Aldrich). Pleurobrachia were added and fed in the dark for 90 min. Imaging was performed on a Leica M205FA stereoscope with DFC360FX CCD and DFC425C CCD.
Mnemiopsis Ex Vivo Tissue and Cell Culture A thin explant of lobe material containing endodermal canals was excised with a scalpel and covered with a nutrient-rich ctenophore mesogleal serum (CMS) overlay and incubated at 16 C to make tissue envelopes. Small explants con- After the divergence of Ctenophora, the through-gut organ system evolved independently in both the ctenophore lineage and the bilaterian lineage after the divergence of Acoelomorpha [3, 4] . (B) Scenario for a single origin of the through-gut prior to the divergence of the ctenophore lineage. Under this scenario, several non-bilaterian lineages and the Acoelomorpha would be inferred to have subsequently lost a functional through-gut, rejecting the initial origins of a functional through-gut within Bilateria. Although phylogenetic relationships between early branching animals remain contentious, our animal phylogeny is based on recent phylogenomic inferences [9] [10] [11] [12] [13] . Organism silhouettes by Noah Schottman, Mali'o Kodis, Oliver Voigt, and Joseph Ryan are available from the PhyloPic database (http://phylopic.org) and are used here under the Creative Commons Attribution 3.0 license. See also Figure S2 .
Immunohistochemical Staining
Whole Pleurobrachia adults were stained for phalloidin as previously described [11] 
